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ABSTRACT. In this paper, we present and analyze a finite difference numerical
scheme for the nonlocal Cahn-Hilliard equation with logarithmic Flory-Huggins
energy potential. In particular, variable mobility is considered in the gradient
flow system for all numerical analyses and tests. To ensure the unique solvabil-
ity and energy stability, the convex splitting method is applied to the chemical
potential, which leads to the implicit treatment for the nonlinear logarithmic
terms, the surface diffusion term and the nonlocal term, while the expansive
concave term and the mobility are treated explicitly. The positivity preserv-
ing property is always preserved at a point-wise level thanks to the singular
nature of the logarithmic terms around the values of -1 and 1. In addition,
an optimal rate convergence analysis is provided for the proposed numerical
scheme. Due to the existence of variable mobility, a higher order asymptotic
expansion and the rough error estimate are performed to ensure the uniform
bound for numerical solution. Separation property in hand, we finally accom-
plish the convergence analysis with refined error estimate. Several numerical
experiments, especially those designed for nonlocal term, are also presented
in this paper, which demonstrate the robustness of the proposed numerical
scheme and validate our previous theoretical analysis.

1. Introduction. The primary purpose of this paper is to develop an effective
numerical scheme for the nonlocal Cahn-Hilliard (NCH) equation with logarith-
mic Flory-Huggins energy potential. We consider a smooth bounded domain €2 C
R?, d =2,3. For any ¢ € H'(Q), with a point-wise bound ¢ € (—1,1), the energy
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functional takes the following form
E(¢) = By + Es,

Bi= [0+0) 0 +6)+ (1- o)1 —6) - Do+ & \Vodx
L= 2 2 ’ (1)

(2 _ 1 - — 1
= 1o bo—opax o= [ oa

where 6, € and o are positive constants. Parameters 6y and ¢ are associated with
the diffuse interface width [7, 18, 20]. The average ¢ (—1 < ¢ < 1) stands for
the ratio of two homopolymer components. The second part of the energy FE5 is
the nonlocal item, representing the long-range interactions between copolymers. In
fact, the nonlocal item has a more general form [2, 45, 47]

Bt = § [ [ Glx=5)(6060 = 9)(0(y) =) dydx. @)

The integral form of the nonlocal interactions can be attributed back to van
der Waals [49, 53]. If we set G as the Green’s function such that AG(x —y) =
—§(x — y) with periodic boundary condition, where ¢ is a Dirac delta function,
then (2) becomes Fs in (1). It is clear that when o = 0, the energy functional
(1) is the common Cahn-Hilliard (CH) energy. With the nonlocal term (o # 0),
E(¢) is commonly referred to as a Ginzburg-Landau functional with competing
or Coulomb-type interactions [43, 51], or the Ohta-Kawasaki (OK) functional first
proposed in [48]. In other words, the total free energy (1) for the system is the
standard CH free energy supplemented with a nonlocal term.

The evolutional equation to be considered in this paper results from the energetic
variation of the energy functional (1) in the H~!(Q) Sobolev space. The gradient
flow equation becomes

o =V - (M(9)Vp),

= 0B = In(1+ 6) — In(1 — 9) — b6 — 20 + a(~A) " (6 — ).
where M(¢) > 0 is the mobility function. In most existing studies, the mobility
function is typically taken to be constant, meaning the flux of ¢ is assumed to be
proportional to the force induced by the prescribed chemical potential. However,
a more physically accurate assumption in frictional dynamics is that the transfer
velocity of ¢ is proportional to the force due to the chemical potential [6, 21].

Concentration-dependent mobility appeared in the original derivation of the CH
equation [9] and a reasonable choice is [10, 52]

M) =1-2" =X1-@)(1+6)+ (1), 0<A<L (4)

Elliott and Garcke proved the existence of a weak solution to the CH equation
with the aforementioned nonconstant mobility for A = 1 in [24]. In this case,
bulk diffusion vanishes once the phase domains have settled, and the dynamics,
which tends to annihilate dissipation and mixing outside the interfacial layer, are
then controlled by interfacial diffusion. Zhang and Wang [57] suggested that, at
the numerical level, the CH equation with degenerate or near degenerate mobility
(A =1 or close to 1 in (4), respectively) provided better numerical resolution and
physical fidelity for the multiphase flow simulations of immiscible fluids within the
framework of fixed grid computations.

For simplicity of presentation, we consider the periodic boundary condition, while
a homogeneous Neumann boundary condition could be similarly treated. As can be

(3)
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seen in (3), PDE solutions are expected to satisfy a positivity preserving property
(¢ € (—1,1) in a point-wise sense) [24]. Due to the gradient flow structure of (3),
the following energy dissipation law holds formally

d

4 B(o) = - /Q M()|Vpl? dx < 0.

Meanwhile, the usual mass conservative property is valid, i.e. fQ Oipdx = 0,
which follows from the conservative structure of the equation. Thus, a significant
numerical issue of the NCH equation is to develop algorithms inheriting energy
stable property, mass conservation and positivity preserving property.

As a prototypical gradient flow with respect to a given free energy, the classic
CH equation has been successfully used to describe phase separation and coarsen-
ing dynamics in binary alloys [8]. Equipped with a nonlocal operator, the NCH
equation is capable of capturing more practical phenomena in modeling phase tran-
sitions of microstructures compared to the CH equation [26]. Block copolymers
are typical examples [32, 33]. In fact, block copolymer melts can self-assemble into
specific geometries for manufacturing materials with designed mechanical, optical,
and magnetic properties. Apart from materials science, NCH equations have been
widely used in many other fields ranging from nanotechnology, image processing
to finance. To be specific, in nanotechnology, the model in [56] adds an additional
term contributed by the electric field to the equation to guide the diblock copolymer
molecules to self-assemble into thin films with layered nanostructures. In the field
of image processing, the NCH equation is employed for image inpainting, which in-
volves the restoration of missing or damaged parts of an image based on surrounding
data [4, 41]. In financial mathematical models, kernel functions for nonlocal terms
arise from expectations over a particular measure used in option pricing [42].

There have been several works on both mathematical and numerical aspects
for the NCH models. In the mathematical analysis, [45] provided a mathematical
framework of the scaling law for stationary states and the governing equation of
morphology. A proof for the instability of n-layered solution of the NCH equation
was developed by Ohnishi in [46] with the aid of a spectral comparison theorem
between the second and the fourth order NCH equations. Henry et al. discussed
the limiting behavior of the solution in [35] as ¢ tends to zero. Recently, Gal and
Giorgini studied the phase separation property for NCH equations in [27]. Other
properties of the NCH equations were investigated by [2, 44, 47], etc.

Due to the complexity of the system (3), especially the inclusion of non-constant
mobility and a nonlocal potential, it evidently brings more difficulties in the nu-
merical simulation. Therefore, accurate, stable and efficient numerical schemes are
highly desired. Rustum used a hybrid numerical method, which combines expo-
nential time difference (ETD) algorithm and linear iterative gradient stabilization
algorithm, to present the global minimizers of NCH equation in [16]. He also an-
alyzed the microphase diagram based upon a density functional theory in [17].
Aristotelous et al. devised a mixed discontinuous Galerkin finite element method in
[1], and the temporal discretization was based on a convex splitting of the energy
functional. Guan et al. [28, 29, 30] constructed a convex splitting scheme in an
alternative way by putting the nonlocal term explicitly. In this way, the nonlocal
term can be evaluated only once at each time step. A semi-implicit Fourier spectral
method was used in [36] to calculate the minimum energy wavelength of equilibrium



440 YUANYI SHENG, CHENG WANG AND ZHENGRU ZHANG

states in diblock copolymers. In [15], an invariant energy quadratization (IEQ) ap-
proach was applied to develop a set of second order time-marching schemes for a
hydro-dynamically coupled phase field model, in which the free energy contained
a long range nonlocal type potential. Du [23] proposed semi-implicit linear nu-
merical methods for solving the NCH equation. The temporal discretization was
accomplished by using the stabilization technique, while the spatial discretization
was carried out by the Fourier collocation method. A theoretical justification of
the energy stability and convergence analysis for these semi-implicit linear schemes
has been reported in Li [38, 39, 40], etc. However, most above-mentioned works
have been focused on the NCH equation with a constant mobility function and the
double-well potential part of the energy is simply treated as a polynomial to avoid
the singularities. A preconditioned steepest descent iteration solver is provided in
[14], for the variable mobility CH equation. An optimal rate convergence analysis
was presented in the paper, while such a discussion was only valid for polynomial-
pattern free energy. An optimal rate convergence analysis was presented in the
paper, while such a discussion was only valid for polynomial-pattern free energy.
As a well known fact, the logarithmic potential energy is considered to be more
physically realistic than polynomial free energy, because the former can be derived
from regular or ideal solution theories [20]. Chen et al. [12, 13] presented first and
second-order accurate temporal algorithms for the variable mobility CH equation
with a logarithmic Flory-Huggins energy potential. The positivity-preserving and
energy stability analyses were established, whereas the optimal rate convergence
estimate was developed only for constant mobility case. If a variable mobility is
involved, the coexistence of logarithmic terms and variable mobility requires an £°°
bound for ¢"*! at the next time step to guarantee phase separability. This re-
quirement calls for a higher-order consistency analysis and the application of more
advanced technical tools. In this work, we extend the framework of positivity preser-
vation and energy stability to the NCH equation and, more importantly, establish a
rigorous convergence analysis for the variable mobility case. It is worth mentioning
the key point in the theoretical justification of for positivity-preserving property in
[13]; the singular nature of the logarithmic term prevents the numerical solution
reaching these singular values as long as the numerical solution stays bounded at
the previous time step. This subtle fact also plays a crucial role in the associated
analysis.

The standard convex splitting algorithm, pioneered by Eyre’s work [25], is a very
useful approach to obtain the energy stability at a numerical level. This frame-
work treats the convex part of the chemical potential implicitly and the concave
part explicitly. In turn, the energy stability could be theoretically justified by a
convexity analysis. Based on this idea, we propose and analyze a convex splitting
scheme for NCH equation in this article. The convex-concave decomposition is ap-
plied to the energy functional, which in turn leads to an implicit treatment for the
nonlinear term, the surface diffusion term and the nonlocal term, combined with
an explicit update for the concave term. In addition, an explicit treatment of the
mobility function leads to a linear elliptic operator associated with the temporal de-
rivative part. This approach ensures the unique solvability of the numerical scheme,
avoids a nonlinear coupling in the numerical implementation, and thereby reduces
computational complexity.

The rest of the article is organized as follows. In section 2, the finite difference
spatial discretization is reviewed, and some related priori estimates are recalled.
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The first order numerical scheme is proposed in Section 3. The unique solvability,
positivity preserving property and unconditional energy stability are also proved
in this section. In section 4, we conduct the convergence analysis of the numeri-
cal scheme with first order temporal accuracy and second order spatial accuracy.
Finally, some numerical results are presented in Section 5 and some concluding
remarks are given in Section 6.

2. Finite difference spatial discretization and a few preliminary esti-
mates. In the spatial discretization, the standard centered finite difference approxi-
mation is applied. The computational domain is set as Q@ = (0, L) x (0, L) x (0, L.).
For simplicity, we assume L, = Ly = L, =: L > 0, and consider a uniform mesh
with the grid spacing h := L/N in all directions, where N € N is a given number.
The case of non-uniform grid could be naturally extended. We first introduce the
following two uniform, infinite grids with grid spacing h > 0: E := {p;11/2|i €
Z}, C:={p;|i € Z}, where p; = p(i) := (i —1/2) - h. The 3D discrete N>-periodic
function spaces are defined as follows:

Cper = {V OxCxC— R‘Vi,j,k = Vi+aN,j+BN,k+vyN; Vi7j,k,@7ﬁ,’}/ € Z}a

gger = {I/ ExCxC—=R | Vi—&-%,j,k - Vi+%+aN,j+ﬁN,k+'yN7 Vi,j,k,a,ﬂ,'}/ € Z}v

with the identification v; ; x = v(p;, p;j, Pr), et cetera. The spaces EYer and &5, are

analogously defined. The functions of Cp.r are called cell-centered functions, and

the functions of &7, &Y, and &, are called face-centered functions. Hence the

center-to-face difference and averaging operators, Ay, Dy @ Cper — Eperys Ayy Dy -

Cper = Eery and A, D, : Cper — &5, can be introduced as
1

Awyi-&-%,j,k = §(Vi+1,j,k + Vijk)s Doviy 1 jr = E(Vi-&-l,j,k — Vijk)s
1

AyVijrsn = 5Wigenk + vige), Dyvi iy n =3 Wigik = Vigr),
1 1

Asvijney = 5 Wikt + Vi), Davi ey = 5 Wighes = Vigg)-

Likewise, we have the face-to-center difference and averaging operators a,, d :
Eper = Cpery ay, dy : EYor = Cper, and az, dy 0 E5ep = Cper

per per
Aali,jk *= §(Vi+é,j,k T Vii1 ) dalVi gk == E(Vi+%,j,k — Vil k)

d 1
AyVijk = §(Vi,j+%,k + Vi,jfé,k)» yVi,j.k = E(Vi,jJr%,k - l/m;%,k)v
@2Vijig = 5 (Vighed + Vigk—1), deVigh = 3 (Vij ket = Vijr-y)-

By introducing gper 1= Efer X EYer X Eeyy the definitions of the discrete gradient

V1, and the discrete divergence V- becomes natural:
Vi i Cper — gper; Vivijre = (DeVig1)2,5,6 DyVijs1/2,0 D2Vijkt1/2)s
Vi Eper = Cpors Vi figk = dafip + dyfls o+ dafis
where v € Cper, f = (f*, fY, %) € 5per. The standard discrete Laplacian Ay, :
Cper — Cper in 3D space is given by
Apvi ik =V (Viv)ijr = de(Dev)i ik + dy(Dyv)i ik + dz(Dav)i ik

= ﬁ(l/m,]yk + Vic1jk + Vig+1k + Vij—1,k T Vijkt+1 + Vije—1 — Vi j k).
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More generally, if gis a per1od1c scalar function defined at all of the face center

points and f € Epcr, then g f € Epcr, by taking point-wise multiplication; we may
define

Vi - (9F )ijr = dul(g- f)ijk +dy(g- [V)ijn +do(g- F7)ijn-
Specifically, if v € Cper, then Vi, - (V1) : Cper — Cper is defined point-wise via
Vi (gViv)ije =dao(g - Dav)iji + dy(g - Dyv)ijr +d=(9 - D:v)i k-

Now we are ready to introduce the grid inner products for Cper, &g, and gpe“
respectively.
N
<Va €>Q = h3 Z Vi,j,kgi,j,ka v, g S Cpcra [1/3 g]x = <am(l/£), 1>Qa v, g € gpwem
i\j k=1

1y Fola = U, ) + [FY, F8)y + LS f2)es o= (FEL 1YL f7) € Epers 1= 1,2,

Meanwhile, [v, ]y, [V, €], in Y, and &, can be analogously formulated. In turn,

we construct the following norms for grid functions: ||v|]3 := (v,v)q, for v € Cper;
[v]| == ([v[", 1), for 1 < p < oo, and |[v[|o := maxi<; jr<n|Vi k|- Norms of the
discrete gradient are defined as follows:

IVavl3 == [Vav, Vavlg = [Dev, Dov)k + [Dyv, Dyvly + [D.v,D.v|,, Vv € Cper,
IVavlly = [[Dav[?, 1]x + [ Dyv|P, Uy + [|DavfP, 15, Vv € Cper, 1< p < o0
In addition, higher order norms can be defined. For example,
W17 = VI3 + IVarl3, Il = vl +I1All3, Vv € Coer

Lemma 2.1 ([55]). Let g be an arbitrary periodic, scalar function defined on all

of the face center points. For any ¢, v € Cper and any f € gper, the following
summation by parts are valid:

W,V f o=~ [Vhlb,f} v (0, Vi (gVar))a = —[Vrt, gViv]a.

To facilitate the convergence analysis, a discrete analogue of the Hper(Q) space
[54] is required. Firstly, the mean zero space is defined as

0:&:—@ Z ik }

i,5,k=1

Coer 1= { ¥ € Cper

For any ¢ € Cper with ¢ := |Q| (¢, 1), we can immediately obtain ¢ — ¢ € Coper.

The H () space is a subset of C‘},e]r that satisfies the following conditions. For

any ¢ € Cper, there exists a unique 9 € épcr that solves

Lp() := =V - (DVip) = ¢ — ¢.

In this equation, D is a positive, periodic scalar function defined at all of the face
center points. We then define a bilinear form

(91,02)p1 := [DVath1, Vithalq,  ¢1, ¢2 € Coers

where 1; € éper is the unique solution to

Lp (i) ===V (DVpih;) = ¢i, i=1,2.
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Lemma 2.2 ([54]). (., ~>£71 is an inner product and has the following identity

<¢17¢2 Lo 1 <¢17 > <£ ¢1 ¢2>Qa ¢1; ¢2 € éper-

We denote the norm associated to this inner product as

16l ozt = /(6,8 prs Vo € Cper

Remark 2.3. When D = 1, the subscripts are simplified to (-,-) ,-1 =: (,-) 1,
D
II - ”L;l =:|-||=1,n. In turn, we have

(fr9) =10 = (f, (=An)"g)a = (=An) " f, 9)a, 1 fll=1,n := A/ {fs f)—1.n

The following discrete Sobolev inequalities for grid functions have been derived
in previous works, which play significant roles in our proof of convergence analysis.

Lemma 2.4 ([14][22][54]). For any 3-D periodic grid function f (over cell centered
mesh points), we have the following discrete Sobolev inequalities

[flls <Clfllar [1fllee < CUIfll2 + 1ARF]2),
IViaflla < CllALfll2, [[Vaflla < C’||Vth2 ||Ahf||2Z

in which the positive constant C' only depends on the domain €.

3. A first order numerical scheme. In this section, we construct and analyze
a first order accurate (in time) numerical scheme for solving the NCH equation
(3). The finite difference approximations defined in last section are used for spatial
discretization. We follow the convex-concave decomposition methodology and the
first order scheme is constructed as follows: given ¢™ € Cpey, find ¢ 11, untl e Cper
such that
¢n+1 d)n “n ntl

A = Ve MOV, (5)
where
MnJrl — ln(l +¢n+1) _ ln(l _ ¢n+1) — 00" — €2Ah¢n+1 +0_(7Ah)71(¢n+1 7W)

The discrete mobility M” is evaluated at the face center points

M?—i—l/Q,j,k = Ax(M(¢n))i+1/2,j,ka MZj-{-l/Q,k- = Ay(M(¢n))i,j+1/27k7
Mzg‘,k+1/2 = AZ(M(QSR))i,j,k"Fl/Q'

If the solution exists, it is obvious that the numerical scheme is mass-conservative,

ie. gntl =gn = ... = ¢0 =: 3, since
(¢" Tt — ", 1>Q = At(Vh (MY 1) = = AL [ MV T V1], = 0.

Naturally, a point-wise bound for the grid function ¢"*1, specifically —1 <
d)?ji < 1, must be preserved to ensure that the numerical scheme is well-defined.
This property will be established in the subsequent theorem. Prior to that, it is
necessary to introduce an operator and a norm related to discrete mobility.

Definition 3.1. For any ¢ € Coper, there exists a unique ¢ € Copelr that solves
Ly (V) ==V, - (M"Vp0) = 6.

In turn, the corresponding norm may be introduced:

19l 2= = /(6 £k (@Da.
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Lemma 3.2 ([13]). Assume that for all x € [-1,1], M(x) > Mo > 0. Suppose
that (151, ¢2 S Cpcr; with ¢1 — ¢2 (S Cpcr; and that Hd)luoo < ]., and ||¢2||oo § Ml.
Then, we have the following estimate:

1L (D1 = 2) oo < C,
where C > 0 depends only on M1, Mg, h and Q. In particular, if M(¢p) = 1, then
C is independent of the mesh spacing h.

3.1. Positivity-preserving property and unique solvability.

Theorem 3.3. Assume that for all x € [-1,1], M(z) > Mg > 0. Given ¢" € Cper
with ||¢"||cc < My for some My > 0, and |¢™| < 1, there exists a unique solution
"L € Cper to (5), such that ¢" L — ¢ € Cper and ||¢" || < 1.

Proof. If a valid numerical solution exists, it must satisfy the mass conservation
identity, namely ¢" "1 — ¢ € Cpep. Set Bp := ¢™. The numerical solution of (5) is
a minimizer of the following strictly convex discrete energy functional

1
jn(¢) = BN

e 2 n o 702
+ IVl — 006, 6" + 216 — B2,

over the admissible set

3
Ap = {0 € Cper| [$lloc <1, (¢ — B0, 1)o =0} C RV,
We further let ¢ = ¢ — By and transform the energy functional (6) into

(@) = T" (¢ + Po)
1
T 2At

2
+ (1= = Bo,In(1 — 9 — Bo))a + S Va3 — ol + Bo, 6"

I = 6" 21 +(1+¢,In(1+))a+ (1 —¢,In(1 - ¢))a o
rMn 6

n ag
o+ Bo—¢ ”2}}1 + §||80||2—1,h + (L + ¢+ Bo,In(1 + o+ Bo))a

defined on the corresponding set
Ap = {SDGCOch*l*ﬁo §<P§1*50} c RY

Ifpe Ay, minimizes F™ then ¢ = ¢ + By € Aj, minimizes J", and vice versa.
We now prove the existence of a minimizer for 7™ over the domain Ap. Consid-
ering the following closed domain:

z‘ih,aiz {SOGCOpcr\5—1—50§90§1—5—50}CRN37

where § € (0,1/2) is sufficiently small. Since /i;ws is a bounded, compact, and con-
vex subset of éper, there exists a (not necessarily unique) minimizer of F™ over /01;%5.
The central aspect of the positivity-preserving analysis is that such a minimizer
cannot occur on the boundary of folh’(;, provided ¢ is sufficiently small. In fact, the
boundary of Ay, s is defined as the set of points ¢ € Ay, 5 for which ||+ Bo]|s = 1—6.

To derive a contradiction, suppose ¢* is the minimizer of 7™ and occurs at a
boundary point of f‘ih,é- Then there exists at least one grid point dg = (g, jo, ko)
such that [p% +080| = 1—J. Without loss of generality, it is assumed that ¢ + 8o =
0 — 1. In this case, the grid function ¢* has a global minimum at &y. Assume that
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(41,71, k1) is a grid point where ¢* attains its maximum. By the fact that
(7)

a, = j i
* =0, it is obvious that % > 0 and
1 =382 p% + Bo > Po
Since F™ is smooth over fih 5, the directional derivative for all ¢ € Cpe, turns
out to be
ds]:n(@* + S¢)|s=o
—¢" + Bo), V) + (In(1 +¢* + Bo) —In(1 — ¢* — Bo),¥)a  (8)

—Ah)_lSD*ﬂM(L

1
= L
— (608" + 2 Anp*, o + o ((
If we pick the particular direction 9 € Cper as
Vi gk = 0ig0j,5o Ok ko — Oiiy 0j s Ok ks »
where d; ; is the Dirac delta function, the derivative can be expressed as

—In(1+ ¢z, + Bo) + In(1 — @7, — Bo)
o(—=An) ek,

0) +

hgd fn(@ +51/))‘3 0
=In(1+ ¢z, + Bo) —In(l — o5, — fo)
—90( & ) = 2(Anpx, — Anph,) +o(=An) ek, — o
1
+ AtLMn(SO ¢ +/80) AtﬁMn((p d) +/60)a1
To simplify the expression, a rewritten form ¢* := ¢* + Gy gives
d I (" + 59)]s=0 = ln(lﬂ%) In(1-¢%,) —In(1+¢3,) + In(1-93,)
- 90( o ) (Ah¢a0 - Ah(rb(xl) (9)
n 1 —1 n
+ E":MTL(W = ¢")a0 = xp w07 — ")
o (=) "H(@" — Bo)a, — o(=An) " (" — Bo)a,
By the fact that ¢% = —1+ 6 and (7), it follows that
) 1
In(1 + 5,) ~ In(1 = 6%,) ~ (1 + 65,) + (1~ ¢5,) < In 3~ 20 (10)
- — Po
A-priori assumption ||¢" || < M; at the previous time step indicates an estimate
—2My < ¢, — bz, < 2M. (11)
Since ¢* takes a minimum at the grid point @y and a maximum at the grid point
a1, we see that
Andg, =0, Apgz, < 0. (12)
For the last four terms appearing in (9), an application of Lemma 3.2 reveals
that
—2C1 < L3, (8" = 6")a — L3, (6" — ¢")a, < 201, (13)
6" = Bo)a, — (—An) (¢ = Bo)a, < 2C. (14)
) into (9) yields the following

—2C5 < (—Ap)
Consequently, a substitution of (10) through (
03 —2M190 + 201At_ + 2020’

bound on the directional derivative:
1+
Bo N

1 1)
n( _x < o
ds]: ((p —‘,—8’(/})|570 < In 535 In lfﬂ
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Notice that as At — 0, C3 becomes singular. Meanwhile, C3 is a constant for
any fixed At, which allows us to choose ¢ € (0,1/2) sufficiently small such that

1 1) 1+ Bo
—ds F (" + s1)|s=0 < In —1In
hg S (410 + ¢)|8 0= 276 lfﬂo
This contradicts the earlier assumption that 7™ attains a minimum at ¢*, as the
directional derivative is negative in a direction pointing into the interior of A 5.

+ C3 < 0.

Similarly, we are also able to prove that the global minimum of F" over flh,g
cannot occur at a boundary point ¢* where % + 8o =1 — 4, for some dp. These

combined two facts imply that the global minimum of 7™ over /Olhﬁ can only occur
at an interior point ¢ € (Ajs)° C (Az)°. Consequently, there exists a solution
¢ = ¢ + By € Ay that minimizes J™ over Ay, which corresponds to the numerical
solution of (5). Hence, the existence of the numerical solution is established.

In addition, the uniqueness of this numerical solution is straightforward, since
J™" is a strictly convex function over Aj,. This completes the proof. O

3.2. Unconditional energy stability. Now we analyze the energy stability of
the proposed scheme (5). The discrete energy Ej(¢) : Cper — R is defined as

0 2 -
Ey(¢)= (146, In(1+6))a+ (1=, In(1-6))a— 3 |8l + S Vasl3+3 6 6] 1.

Because of the convex-concave decomposition structure of the numerical scheme,
an unconditional energy stability is available. The subordinate theorem articulates
this property.

Theorem 3.4. Assume that for all x € [-1,1], M(z) > Mg > 0. The numerical
scheme (5) is unconditionally energy stable for any time step At > 0, grid spacing
h > 0 in the sense that

En(¢"™) < Ep(¢"), VneN. (15)

By recursion, we obtain Ey,(¢"t1) < Ep(¢°) < Cy, where Cy > 0 is independent
of h.

Proof. Taking an inner product with (5) by Atu™*! yields
(0" — @™ 1" = AHV, - (M), 1 o < —MoAH|VAp" T3 < 0.
On the other hand, we observe the following expansion:
<¢n+1 — 9", H”+1>Q
= (0" = 6" In(1+¢"*) —In(1 — ¢""))a — o (" — ¢", ¢")a (16)
— (" = ¢ Apg" ) + o (@™ = 9", (= AR) T (@™ — 7).

By the convexity of the logarithmic terms (1 + ¢,In(1 + ¢)), (1 — ¢,In(1 — ¢)),
the following estimate is valid

(¢! =" In(1+¢"") —In(1 — ¢" )
> (1+¢" " In(1+¢" 1)) + (1 - 6" In(1 - ¢"))q (17)
—(1+¢",In(1+¢")a— (1 -¢",In(1 - ¢"))a.
An application of the identity a - (a — b) = $|a]?> — |b|*> + 1|a — b|? indicates
that

6
— (" = 0" 000" =~ (19713~ 167 1B). (8
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2
=" = 6", A" o 2 SIVR B~ VA" 3). (19)

For the nonlocal item, by the fact that ¢"t! — ¢nt1 ¢ Coper, combined with the
mass conservation identity, i.e. ¢"+t1 = ", we see that

(@™ = o™, (=An) N (¢™ — "))
=(¢™ = ¢, (=AR) T (™ = ¢7H))q — (¢ — @7)(1, (=A) (@™ — 7))a
=(¢" — ¢, (= AR) (@ — @) — (7 — G, (—AR)TH (9™ — H))g
—((¢7 — T — (6" T, (-0 (6™~ T

1 Tl n n e ol n -n
=3 (16 = T2 = 6 = B2+ (67 = ) — (6" — B0
1 R 1., —
> 2~ T — 26"~ B
(20)
A substitution of (17) - (20) into (16) leads to (15), so that the unconditional
energy stability is proved. O

Remark 3.5. Due to the energy dissipation, we have
0
Vo™ 3 < 2e72(En (") + EOIQI) < €72(204 + 60).

As a result, the discrete H}! estimate |[V¢" |2 < e71/2Cy + 605|Q| =: Cj, for
any n € N, is established.

4. Optimal rate convergence analysis. Now we proceed into the convergence
analysis. Denote by ® the exact PDE solution to the NCH system (3). With
sufficiently regular initial data, it is reasonable to assume that ® has regularity of
class R:
® € R :=H"0,T;Cper()) N H?(0,T; C2e(2)) N L¥(0, T C3 (2)).
Moreover, the following separation property is valid for the exact solution:

1+4P>¢p, 1—®>¢gg, forsomeey >0 ata point-wise level. (21)

Define the Fourier projection of the exact solution as ®n(-,t) := PyP(-,t), a
projection into B, the space of trigonometric polynomials of degree up to and
including K (with N = 2K + 1). Subsequently, the projection approximation is
standard: if ® € L>(0,7T; H! . (Q)), for any | € N,

per
1®x = || (0.1:m%) < CHH @ Lo 0,111y, 0 <k <L (22)

The Fourier projection does not inherently preserve the positivity of 1+ ®y and
1 — ®&5. However, we are able to enforce the phase separation property by taking
h sufficiently small to ensure that 1 + ®y > 25 and 1 — Oy > 3¢,

We denote %, = @ (-, t,) with t,, = nAt, and ¢% = Pr®n(+,t,) as the values of
®n at discrete grid points at time ¢, specifically (¢%): 6 = ®n (i, Y5, 25, t = t0).
The mass conservation identity is available at the discrete level:

/QCI>N(~,tn)dX:/Q<I>(~,tn)dx:/Q<I>(~,tn_1)dx:/Q@N(-,tn_l)dx, VnEI?_h)
23
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in which the first and third steps are based on the fact that ®y is the Fourier
projection of ® and the second step is based on the fact that the exact solution
® is mass conservative at the continuous level. On the other hand, the numerical
solution (5) is also mass conservative at the discrete level:

pntl =¢gn VneN.
Since ®n € BX, it always holds that

/ Oy (-, t,)dx = h? 5 O (24, Yj, 2ks t) = h? § (BN )ik
1,5,k 1,5,k

Therefore, the mass conservative property % = ?,71 is available at the discrete

level. We choose the initial data as ¢° = ¢%, = P, ®n (-, = 0), and define the error
grid function
eg =y —¢", YneN.
It follows that e} = 0. Therefore, the discrete norm || - ||y is well defined for
the error grid function -
The following theorem is the main result of this section.

Theorem 4.1. Assume that for all x € [—1,1], the inequality 0 < My < M(z) <
M < oo and |M'(x)] < M holds, where M is a constant. Given initial data
®(-,t = 0) € C5..(), and suppose the exact solution for NCH equation (3) is of
reqularity class R. Then, provided At and h are sufficiently small, under the linear

refinement requirement C1h < At < Coh we have
n 1/2
leglla + (At 3" Aneg3) T < C(at+h2), (24)
m=1

for all positive integers n, such that t, = nAt <T. In (24), C > 0 is independent
of n, At and h.

4.1. Higher order consistency analysis. By consistency, the projection solution
® solves the discrete equation (5) with first-order accuracy in time and second-
order accuracy in space. However, this leading local truncation error is insufficient
to recover an a-priori £°° bound of the numerical solution. To remedy this, we have
to develop a higher order consistency analysis by constructing a supplementary field
P, and defining the following profile

b = Dy + AtPNDPA;.

Notice that ®a; is a continuous function derived from a perturbation expansion
and depends solely on the exact solution ®; its construction will be outlined later.
In other words, a higher-order approximate expansion of the exact solution is intro-
duced. Instead of a direct comparison between the numerical and exact solutions,
we estimate the numerical error function between the constructed profile and the
numerical solution. This approach of higher-order consistency enables us to derive
a higher-order convergence estimate, which in turn leads to the desired ||+ ||oc bound
of the numerical solution through an application of inverse inequality.

We begin with the truncation error analysis for the temporal discretization by
using a straightforward Taylor expansion in time, as well as estimate (22) for the
projection solution:

ot — pn

% =V (M(R)Vuit) + AL G)" + O(AL?) + O(h™), (25)
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it = In(14+0%) —In(1-05) — o0 — 2 ADNT + o(—A)H (@R — o).
(26)
Here mo > 4 and the function G(©), which depends only on the higher-order

derivatives of @y, is smooth enough in the sense that its derivatives are bounded.
Meanwhile, because of the mass conservation identity

/(<I>’](,“ N)dx =0 /v M(@R)VuRt) dx =0,
Q
we can obtain
/ (GO dx = 0. (27)
Q
In turn, the correction function ®a; is given by solving the following equation:

0 ®pr =V - (M(®N)VVA: + M (D) BaViun) — GO, (28)
o (I)At q)At . ) N —1
Var = e + 1—ox OoPar — e APas + 0 (—A) Day, (29)

pn =In(1 + &) —In(1 — ®y) — @y — *Ady + o(—A) By — By), (30)

with the periodic boundary condition. The existence of a solution to the above
linear PDE system is straightforward. Since the correction function depends solely
on the projection solution ®y, which preserves sufficient regularity, the derivatives
of ®a; in various orders are bounded. Also, trivial initial data ®a.(-,t = 0) = 0
could be imposed to equation (28). In combination with the identity (27), we get

6tq)Ath: AV (M(‘I)N)VVAt"'M/(q)N)(I’AtVMN) dx — G(O) dx =0
Q Q Q

so that the mass conservative property is valid:

/@At(-,t)dx:/@At(-,tzO)dXZO, vt > 0. (31)
Q Q

An application of semi-implicit discretization (as given by (25)) to (28) - (30)
implies that

q)nJrl_ n

SRR =V (MR VR + MI(@R)BR, V) - (GO)" oA, (32)
n+1__ q)7b+1 (I)n+1 n+1 n+1

Var OoPA; — € A(I) (_A) CDAt ) (33)

A
14 <I>"+1 Tz cI:’;V“
u’;V“—1n(1+¢>§g+1)—1n(1—<1>§;+1)—eoqffv — AN fo(—A)TH @K —ontY).  (34)
Therefore, a combination of (25) - (26) and a Fourier projection of (32) - (34)
leads to the desired second order consistency estimate of ® = & + AtPyPa; in

time:

(i.n+1 _ [Dn

At
AP =In(14+0" ) —In(1-3d" ) = 0" —® AP T 4o (—A) T H (@ —Pnt1) (36)

=V (M@HVA") + O(Ar) + O(h™), (35)

in which the following linearized expansions have been utilized

AtPN(I)At

In(l1+®) =In(1+dy + AtPy®a;) = In(1+dy) +
1+dy

+ O(A#?).
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Because of the mass conservative property for ®a;, as derived in (31), the sub-
sequent identities are natural

Pn®ar(-,t)dx =0, Vt>0, (37)
Q

/ci)(.,t)dx:/ch(.,t)dx, vt > 0. (38)
Q Q

As a result, we see that

1 - 1 A
— [ d"ldx= — [ d"dx=--- 0d
|ﬂ|/g * m/ * |Q|/ x
|Q/<I>N t=0)dx = @0 = ¢" = ¢, VneN.

Finally, an application of finite difference approximation, combined with the
Taylor expansion in space, yields a truncation error estimate for the constructed
solution

(39)

(i)n+1 - (Abn xn An—i-l n+1
AT =In(14+" ) —In(1— ") — g d" —2 A, " 4o (—A,) L (" - Prtl),
(41)
where

[T = 1n < C(AE + 12).
It is noticed that 77! has a zero mean, 7»+1 = 0, at the discrete level for any
n € N, based on the estimate (39) and the fact that ®" € BX.

Remark 4.2. The term ®a; does not have a specific physical meaning; its construc-
tion is based on the idea of perturbation analysis of the numerical scheme in terms
of the time step size. The contribution of ®A; to improving the accuracy of the
error estimate relies on the Taylor expansion of the exact solution and the asymp-
totic analysis in terms of At. In turn, the constructed profile b=y + AtPNDA,
satisfies the numerical scheme with a higher order consistency. Mathematically,
DAy is related to the projected exact solution @y through equations (28) - (30),
and is used to cancel the leading truncation error term G() in (25). The purpose
of such a higher-order asymptotic expansion and truncation error estimate is to
maintain a sufficiently high order accuracy to apply inverse inequalities, ultimately
deriving the a-priori £>° bound for the numerical solution to obtain the separation
property. With this property for both the constructed approximate solution and
the numerical solution, the nonlinear error term can be appropriately analyzed in
the £>°(0,T; H}) convergence estimate.

Remark 4.3. Since the correction function ® Ao, depends solely on the exact solution
® and is therefore bounded, the separation property (21) for ® can similarly hold
for &

1+d>ef, 1-d>ef, fora(*J:%O>0, (42)

provided that At and h are sufficiently small, in which the projection estimate (22)
has been repeatedly used. Moreover, its discrete W,i "> norm will remain bounded

[8]|oe < C*, [|[Va®*|0o < C*, VEk>0.

These uniform bounds will be used in the following convergence analysis.
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4.2. Rough error estimate. Instead of a direct analysis for the error function ey,
we estimate the error between the numerical solution and the constructed solution
to obtain a higher order convergence. In turn, the following perturbed numerical
error function is introduced:

¢" == Ppd" — 9", VneN.

The fact that " € B and equation (39) result in the discrete zero-mean

property of the numerical error function ¢ = 0. Consequently, the discrete ||-||_1 1
norm of this error function is well-defined.
Subtracting the numerical scheme (5) from (40) - (41) gives

é;njtl _ én
At
with the following expansions

A =In(1 + ") — In(1 4 ¢") — In(1 — "+ 4 In(1 — ¢"*Y)
— 609" — 2 Dpd" ! o (=Ag) NPT,

A =In(1 + ") —In(1 — ") — 90" — £2A, 7!
F o (—AR)THEM = et

= Vi (M@ V™ + (M(@") = M(6") Vo™ ) + 77+, (43)

Since 4™ *! only depends on the exact solution and the constructed profiles, it is
. 1,00
reasonable to assume a discrete W,>~ bound

A" e < C. (44)
In addition, we make the following assumptions for the previous time step
16"]l> < AEF + %, [[Ang"]l2 < AL 41 (45)

These a-priori assumptions will be recovered through the convergence analysis
at the next time step, as will be demonstrated later. As a consequence of these a-
priori assumptions, the discrete ¢ and Wﬁ 4 bounds could be derived, based on the
discrete Sobolev inequality (see Lemma 2.4) and the linear refinement requirement
C1h < At < Cyh

g

(=33

16™loo < CU16"[|2 + [And"[|2) < C(ALS +h%) <0 <1, (46)

v

VR [ls < [|And" |2 < AtS +hT <1.

Subsequently, the following estimate is available for the numerical solution at the
previous time step

16" loo < €™ [loo + 6" [loo < C* +1 =: Cs, (47)

IVr¢™la < IVa® a4 + V4" [l4 < Cs. (48)

A combination of the £*° estimate (46) for the error function and the separation

estimate (42) leads to a similar separation property for the numerical solution at
the previous time step, in a point-wise sense

&b n £6 n
S Sl+¢n<2, 2<1-gn<2

The following lemma states the result of a rough error estimate.
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Lemma 4.4. Under the reqularity requirement assumption (44) and the a-priori as-
sumptions (45), a rough error estimate is valid for the numerical error evolutionary
system (43)

1"+ o + [Vaé" |2 < C(ALT + hT). (49)

Proof. Taking a discrete inner product with (43) by a1 leads to

AL+ (M@ VR Vi) (50)
1 B,
= B ) — (M) — M) ™ ) 4 (i),

in which summation by parts formulas have been repeatedly applied. Since M (¢)
is bounded below, it is clear that

(M(")VRA™ T, V") > Mo Va3

Leveraging the mean-free property of the truncation error 7, we obtain the fol-
lowing estimate

- ~ 1 M ~
() < e 190 e € 2+ SRV,

A similar bound is valid for the (¢™, 1) term:

~ MoAt
n|2 0
MOAt||¢ ||—1,h+ 4

For the second term on the right-hand side of (50), it is observed that
—{(M(E") = M(")Vift" T, V")

IVRA™ .

(@ 5" < Q" l-rn - IVRA" 2 <

< VA" o - IME) — M)z - [0 61)
* n ~n cr)2M? n M o
< M5 IV e < L0 + 2 v

The second inequality comes from the fact that the derivation of mobility function
is bounded, i.e. |[M'(¢)| < M. Hence the following estimate is valid

IM(®") = M(¢™)] = |M'(M)(@" - ¢")] = IM'(£™)¢"| < M|g"],

where £(") takes a value between ¢™ and d". Notice that a uniform bound for the
mobility function, and the Wi " bound for ™!, have been used in the derivation.
For the last term on the left-hand side of (50), an application of the mean value
theorem yields a point-wise representation
2n+1 +1 o (n+1) +1 2n+1
n _ n - _ Y n . n n
In(1+®"") —In(1 + ") TR 7 is between ¢" and "1,
By the point-wise bound —1 < ¢!, "+ < 1. we conclude that 0 < 145"+ <
2, and hence

in =0 n in q;n-i-l 1 in
(0" In(L 4+ &™) —In(L+ ")) = (6", = py) 2 Bllem .

A similar analysis becomes available

(@ In(1 — &7 —In(1— g > L.
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The last three terms in the expansion of (¢mt1, gnt?

straightforward manner
- - 1 - 1 -
—00(g"H,6") = —BRIGMIE - 19mB,
— (" A" ) = [IVad™ I3,
(@ (=AM = 672, > 0.
Then we arrive at

in ~n 1 in 1 in in
(p"*h, ) > Mo I3~ 593\\95 13 + €2 Vre" 5.

) will be analyzed in a

A combination of the above estimates gives

1 “n M At n
SN + 21V + O w3
< 92 M Hd)nH ||¢n||2 R — At H n+1||2 (52)
=27 M 27 Mo At BT Mo b
For the right—hand side of inequality (52), the following estimates are available:
C 11 11
in 2 in < Atd ha

5°||as”|\§ < oAt + h%x
(C*)2 M2 At
Mo
At np1y2 12 5_ 15
T I < CALIT; < C(AE + h2).
Mo ’
These estimates are derived from the a-priori assumptions, the fact that || f|| -1, <
C||fll2, as well as the refinement constraint C1h < At < Cyh. Consequently we
obtain

16" < C(ALT + R,

16" o + [|VAd™ |2 < C(AES +hF) < C(ALT + hi), (53)

provided that At and h are sufficiently small. In (53), C' is independent of the
time step At and the spatial step h. The proof of the rough error estimate is
complete. O

The rough error estimate (49) reveals that

Tnal H¢n+1||Hh 3 3 €5
16" oo < —1 = Cr(AtT + h1) < Ex (54)
167 4 < Cll" ||z < C(ALT + hT), (55)

provided At and h are sufficiently small. In the derivation, the linear refinement
requirement C1h < At < Csh, along with the 3D inverse inequality and the discrete
Sobolev inequality (Lemma 2.4), have been utilized. Furthermore, a combination
of (54) and the separation property (42) leads to the following separation property
of the numerical solution at the next time step t"*!:

* *
D<t+gticy D<i-grlice (56)

Such a uniform bound will play a crucial role in the refined error estimate.
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Remark 4.5. It is observed that the accuracy order in (49) is at least half an
order higher than the ¢*° error rate in (54), which comes from an application of
the inverse inequality. To ensure a sufficient order for the £*° estimate of ¢"*1,
and thereby maintain the separation property at the next time step, we make the
a-priori assumption (45) at the previous time step. By the above discussion, it is
clear that the fractional exponents in (45) are not unique.

4.3. Refined error estimate. We begin this subsection by stating the following
preliminary results necessary for the refined error analysis.

Lemma 4.6 ([31]). Based on the separation property (56) for numerical solution
and the discrete || - ||4 rough estimation (55), we have

IVRL™ |2 < 4(e8) "M IV 2 + C(e5) "1™+ la + b0l Vad" |2,
where
L = 1n(1 4+ &™) —In(1 + ¢" ) —In(1 — ") + In(1 — ¢" ) — oo™
Lemma 4.7. For any k > 0, define % = (—Ay)~1¢*. The estimate is valid:
IV3d* )2 < Calld*]l2,
for some constant Cy > 0 that is independent of h.

Proof. Tt is a direct consequence of the standard estimate ||f||-1,, < C| f]2, for
any f satisfies f = 0. O

Now we proceed into the refined error estimate. Taking a discrete inner product
with (43) by 2¢"*! leads to

1 5 it 7 7 ~ ~
= (1978 = 19713 + 161 = 33) + 2(M (8" ) Vo™, V™)
= —2<(M(<i)”) — M(¢n))vhﬂn+l, Vh(5n+1> + 2<7_n+1’ (Z)n-~-1>7

where summation-by-parts formulas have been applied. The local truncation error
term can be analyzed using the Cauchy inequality

2074, M) < IP S+ . (58)

(57)

For the second term on the left-hand-side of (57), we begin with a rewritten
form:

<M(¢”)Vhﬂn+l, vhén+l> _ <M(¢n)vh£n+l7 th'gn+1>
4 (M) Vh (=2 ARd™ ! 4 o (=Ap)~1dmH), Vidmth),

where £7! is defined as in Lemma 4.6. The lower bound for the £**! part is
straightforward:

(M(¢™)V L Vot

> = M) oo - VAL 2 IV |2 (59)
n in M n in
> — My VAL o [Vad™ |2 2 == (IVRL™ 3 + [ Vhd™ 1 3)-

An application of summation by parts implies that

_(Vhén+1,M(¢n)thh(gn+1> = (Vj - (M(qﬁ”)vhé”“),Ahén“),
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With a detailed finite difference expansion, we see that

Vh . (M(an)vhggnJrl)i?j)k _ M(an)i,j,kAthnJrl + %VhM(d)n)i,j,k(th;n—H)T

.5,k .5,k
1 -
+ ith(Qﬁn)iq,jkaq(Vh¢?j117j_1,k_1)—r~
This leads to the following estimate:

— (V" T, M(¢™) Vi ARg™ ™)

. 5 ~ (60)
> —[IVaM(@")la - [Vie" 4 - [And™ |2 + Mol And™ 3,

where the discrete Holder inequality has been applied. Additionally, an application
of the mean value theorem and the a-priori estimate (48) implies that

IVaM(™)la < M ()l - V9™l < M - Cs,
Referring back to (60), the following estimate becomes valid:
— (Vg™ M(¢™") Vi A" )

> Mol|And" 13 — MCs||[Vid™ 4+ [ Ard™ |2

> MOHAthnJrlH% _ CMC«3||vhq;n+1| . ||Ahq~5n+1H . |\Ah<5”+1\|2

N Angm 3 (61)

NS CENT

1
1
2
1
1
2

> Mo||Ang™ |3 — CMCs || Vad™ |
- 1 - -
> Mol|Apg"™ I3 — §Mo||Ah¢"“||§ — MYV, 3

1 e n
= 5MollAnd™ I3 = MOV [Viom 3,

in which the Sobolev inequality (see Lemma 2.4) is utilized in the second step, and
the Young’s inequality is employed in the final step. Moreover, M) depends only

on My, C3 and M. Moreover, the following estimate for the nonlocal term could
be derived with the help of Lemma 4.7:

o (M($")V ", Vg )

> oAl V0" - 906" )

o 7 on 02642'/\/12 n n
> —oCaM 0" o - [[Vrd" 2 2 ———— 16" I3 — [ Vae™ 3.

The technique utilized in (51) could be similarly implemented to the first term
on the right-hand side of (57)

= 2((M(E") = M(¢™)Vap" !, Vig" )
< 2V oo - [IM(E7) = M(@") 12 - V6" 2 (63)
<20 M|[¢" |2 - [Vrg™ M2 < (C*)PMP[[6" 5 + IVad™ 5.



456 YUANYI SHENG, CHENG WANG AND ZHENGRU ZHANG
Substituting (58) - (63) into (57) and applying Lemma 4.6, we obtain

= (1618 = 16713) + 2 MollAnd™ 3
< (48M1<ea>—2 + M 2P M O 13) [ 916" 3 + 3M6F V6" 3

2M C * in n *\—4|| 1n
+ "3 4 (C)2 MM I3 + (73 A+ BC M (e5) I

< M(Q)I\Vm"“\lz + M| VRg" |3+ MDY 3+ MO )13 + 7113,
(64)

with the constant representations
M® = 48M (5)72 + 3C My (ef) ™4 + My + 282 MWD + 3,

2 01207, 2
M® =3M,62, M@ = %, M® = (C*)?M

In the derivation, the 3D discrete Sobolev inequality and the bound ||-||4 < C[|[| g2
have been utilized. Meanwhile, an application of Cauchy inequality indicates that

n e2M N M@y
MOV g < S a8+ SR e,
“n € M M )
M9z < S a3+ ) 16711

Subsequently, inequality (64) can be transformed into the following form

1 in in 3 in 1 in
VAL I = N16™115) + Z€2Mo||Ah¢ 3 - *€2Mo\\Ah¢ [

(M) 4 a1z, (M) n n+1
< (Capie MO )1+ (g + MO ) IS B+ B,

Therefore, with sufficiently small At and h, an application of discrete Gronwall
inequality results in the desired higher-order convergence estimate

n+1

16" 2 + (= MoAL S 1 I )" <owe e (65)

based on the truncation error accuracy, ||[77*!||s < C(At? + h2). This finishes the
refined error estimate.

Moreover, it is necessary to recover the a-priori assumption (45) at the next
time step t,41 to enable the analysis to proceed in an inductive manner. Under
the linear refinement constraint C1h < At < Csh, the convergence estimate (65)
indicates that

6" |2 < C(AE® + h?) < ALS + hF,

~ A 2 2
||Ah¢n+1H2 < % < C(At% +h%) < At% +h%,

provided that At and h are sufficiently small.

The error estimate (24) for the variable ¢ follows directly from (65), in conjunc-
tion with the bound of the supplementary fields ®a; and the projection approxi-
mation (22). This completes the proof of Theorem 4.1.
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Remark 4.8. The proposed numerical scheme (5) is only first order accurate in
time. In the future works, an extension to the second order schemes will be consid-
ered. The primary challenge is associated with the second order accurate approxi-
mation to the nonlinear and singular logarithmic term while preserving an energy
stability, combined with the second order and numerically stable approximation to
the mobility function and the nonlocal term. In terms of the convergence analysis
for the second order scheme, higher-order temporal and spatial correction functions
will be necessary to facilitate a smooth analysis process. In addition, more advanced
techniques, different from those used in the first order scheme, may be required.

5. Numerical experiments. Due to the tendency to minimize the area of in-
terface, the morphology of final patterns in phase transitions usually decomposes
into simple subdomains after the coarsening process. However, if there is a micro-
scopic constraint on the system, the final pattern becomes much richer. Experimen-
tally, the final equilibrium state often prefers periodic structures such as lamellar,
labyrinthine, columnar, spherical, double-diamond geometries and other more com-
plex structures (see, for example, [2, 3, 33, 34, 37]). In this section, we present
a few numerical results, including some experiments designed to verify relevant
properties and convergence tests. The theoretical analysis is valid for both 2D and
3D situations; however, we choose the 2D domain for simplicity. A nonlinear full
approximation storage (FAS) multigrid solver is used to solve the convex-concave
decomposition scheme for the NCH equation with logarithmic potential. See [11, 13]
for the related details of a similar solver. We compare the numerical results with
some references [15, 16] to confirm the validity of the numerical scheme.

5.1. Asymptotic convergence test. We first present a convergence test for the
numerical scheme. The smooth initial condition is taken to be

¢(x,y,0) = 0.25 cos 2mrx cos 2wy + 0.6 cos m cos 37y. (66)

The mobility is selected as M(¢) = 0.9(1 — ¢)(1 + ¢) + 0.1. To determine the
convergence rate, the error function is computed between approximate solutions
obtained by successively finer mesh sizes. The parameters are set as: L = L, =
Ly,=2 =02 6y=30, 0 =1x 1073, T = 1.We expect the scheme to have
an accuracy of order O(At + h?). The refinement path is set as At = 0.02h2,
which naturally implies first-order temporal convergence when second-order spatial
convergence is achieved. The results of the numerical convergence test, presented
in Table 1, confirm second-order accuracy in space and first-order accuracy in time.

TABLE 1. Numerical convergence test with initial data (66) at T'=
1

Grid size 162 — 322 322 — 642 642 — 1282 1282 — 2562

L? error  4.8490E-03 1.3554E-03 3.3769E-04 8.3877E-05
L? rate 1.8390 2.0049 2.0093
L error 9.3305E-03 2.6855E-03 6.7400E-04 1.6793E-04

L®° rate 1.7968 1.9944 2.0049
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5.2. Algebraic convergence tests for the multigrid solver. To demonstrate
that our FAS multigrid solver achieves optimal or near-optimal complexity for the
proposed numerical scheme, we conducted a series of algebraic convergence tests.
The setup follows that of the previous subsection, except a fixed time step size
At = 0.01 is used for all simulations in this test. The multigrid stopping tolerance
is taken to be 7 = 1071°. We plot the residual ||r"||y against the multigrid iteration
count n on a semi-logarithmic scale at 7" = 0.1. The results, shown in Figure
1, indicate that the residual decreases by an almost constant factor per iteration,
clearly demonstrating the solver’s high efficiency.

4 - - 32
64
Qe 128
al 256 |

100 ¢

Norm of the residual

1078 L

10-10 L

Multigrid Iterations

FicURE 1. Convergence test of the FAS multigrid solver for the
numerical scheme (5), with grid sizes set to 32, 64, 128, and 256,
respectively.

5.3. Spinodal decomposition. The phase separation process can be studied by
considering a homogeneous binary mixture. In this case, the system undergoes spin-
odal decomposition, transitioning from a homogeneous state to a two-phase state
[5, 19]. In this subsection, we choose random initial data to simulate a homogeneous
binary mixture and present the phase decomposition phenomenon, energy decay as
well as mass conservation by varying the parameters.

5.3.1. The phase separation. We first select a very small nonlocal parameter, o =
0.001. With this choice, the NCH model is expected to be consistent with the
standard CH model. We set Q = [0,27]? and take parameters as ¢ = 0.06, 6y =
3.0, h = 1/256, At = 1.0 x 10~2. The mobility and the initial conditions are chosen
to be
M(3) =091 —¢)(1+¢)+0.1, ¢, =¢°+0.01r;;, (67)
where r; ; is a uniformly distributed random variable in [—1, 1] with zero mean.
Take the initial value as ¢0 = 0, which indicates that the volumes of two com-
ponents are nearly identical. As depicted in Figure 2, phase separation occurs at
the very beginning, leading to the formation of lamellar nanostructures by around
t = 200. Subsequently, we modify the parameters to ¢9 = 0.3, signifying that the
volume of the red region exceeds that of the blue region. The evolution of the phase
variable at selected time instants is presented in Figure 3. As can be seen, the
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dynamics differs significantly from the case where ¢9 = 0. During this process, the
region with the less volume merges and eventually accumulates into a circular pat-
tern. These results, simulated by the numerical scheme (5), are consistent with the
experimental observations of lamellar phases and spherical states [3]. It is also ob-
served that the coarsening dynamics requires more time to reach a near-stationary
state, in comparison with the constant mobility cases reported in [13], due to the

reduced bulk diffusion.
\ L—— ’
) q
‘ :h -
) '

D)t=5
'i
)

SEHEI
o

A)t=0.25 (c)t=1 (

(F) t =100 (q) t =200 (1) ¢ = 800

FIGURE 2. Evolution of the phase variable for ¢ = 0.001 at selected
time instants, with the mobility and initial condition described in
(67), where ¢0 = 0.

(E) t = 100 (c) ¢ =400 (1) ¢ = 800

FI1GURE 3. Evolution of the phase variable for o = 0.001 at selected
time instants, with the mobility and initial condition described in
(67), where ¢0 = 0.3.

5.3.2. The nonlocal parameter. Now we investigate the interface shapes governed
by the NCH equation (3) with different nonlocal parameters o. The mobility and
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the initial conditions are also set as the ones specified in (67). We begin with
increasing the nonlocal parameter to o = 5 while keeping the initial value ¢° = 0.
The mobility and other parameters are consistent with those used in the previous
section. Figure 4 reveals that the initial phase separation dynamics resembles those
observed for o = 0.001 with ¢ = 0, as shown in Figure 2. However, the final
lamellar pattern differs significantly, and equilibrium state is reached at ¢t = 100,
which occurs much more rapidly compared to the case with ¢ = 0.001 and @ =0.

557 é‘,@{ll 3@5%! :c-'@@|
oy B DL D
)

(A) t=10.25 (B)t=1 (c) t =100 (D) t =600

FIGURE 4. Evolution of the phase variable for o = 5 at selected
time instants, with the mobility and initial condition described in
(67), where ¢ = 0.

Figure 5 displays the results for a nonlocal parameter ¢ = 10 with an initial
value ¢ = 0.3. The preliminary stage of phase separation is also consistent with
the case of o = 0.001, ¢° = 0.3, as depicted in Figure 3. However, the final steady
state exhibits a circular pattern with a significantly smaller radius.

The nonlocal parameter o represents long-range interactions (e.g., microphase
separation of block copolymers). Large o accelerates the dynamics of phase separa-
tion but suppresses coarsening, aligning with Ohta-Kawasaki theory [48], indicating
that the nonlocal term stabilizes periodic microstructures rather than the macro-
scopic one. As observed in experiments [3, 37], the equilibrium states under non-
local effects exhibit rich periodic patterns (e.g., lamellar, labyrinthine, columnar,
and spherical geometries). Our numerical results (Figures. 2-5) further validate
this: increasing o from 0.001 to 10 shifts the final steady state from the macro-
scopic domains (Figures. 2-3) to microphase separated structures (Figures. 4-5).
Specifically, lamellar patterns stabilize rapidly at ¢ = 5 (Figure 4), while smaller
spherical domains dominate at ¢ = 10 (Figure 5), consistent with the theoretical
expectation.

(A) t=0.25

FicURE 5. Evolution of the phase variable for o = 10 at selected
time instants, with the mobility and initial condition described in
(67), where ¢9 = 0.3.
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5.3.3. The variable mobility. In the initial numerical experiment, M(¢) was set to
(67), based on references [9, 10, 52, 57]. This choice was discussed in the introduc-
tion section, particularly in connection with equation (4). Meanwhile, it is observed
that, when the numerical solutions rapidly achieved phase separation and entered
the coarsening stage (where ¢ approaches +1), (67) led to nearly identical mobil-
ity within each component. To avoid this limitation, we introduce an alternative
mobility form,

M(6) = 10+ 5. (65)

This form not only satisfies the requirements for M(¢) in Theorems 3.3, 3.4, and
4.1, but also ensures distinct values for mobility within each component during the
coarsening stage. The initial condition and other parameters are kept the same as
in the case with ¢ = 0 in section 5.3.1. Figure 6 displays the evolution of ¢ at
various time instants up to 7' = 800. Interestingly, a circular interface emerges, in
contrast with the lamellar structure observed in Figure 2.

(D) t=10

-

(A)t=0.5 B)t=1

/

| B

(E) t =50 (F) t = 100 (@) t =400 (1) t = 800

[~ =N

FIGURE 6. Evolution of the phase variable for the mobility given
by (68).

5.4. Positivity preserving, energy decay and mass conservation. In this
section, we verify some mathematical properties of the numerical scheme, including
positivity preservation, energy decay, and mass conservation. We calculate the
maximum and minimum values of the phase variable, which are presented in Table
2. Figures 2 and 3, along with Table 2 and Figure 7, clearly indicate notable
distances between the extrema of the phase variable and the singular limit values
+1, confirming the phase separation property. These numerical results provide
strong evidence that the numerical scheme preserves the positivity of the singular
logarithmic energy potential.

There have been many existing numerical works to deal with CH equation with
Flory-Huggins style energy potential, either with or without nonlocal diffusion part.
For many numerical approaches using an explicit approximation to the logarithmic
terms (e.g., [50]), the positivity of the logarithmic arguments could not be theo-
retically justified, which comes from the explicit computation of the logarithmic
terms. In turn, an extended definition of the Flory-Huggins style energy has to be
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TABLE 2. Maximum and minimum values of ¢ during spinodal
decomposition

¢ =0, 0 =0.001 ¢ = 0.3, ¢ = 0.001
t minimum maximum minimum  maximum
0 -0.0099994 0.0099993  0.2900006  0.3099993
0.25 -0.8771207 0.8738842 -0.8679642 0.8172793
0.50 -0.8699566 0.8749814 -0.8780085 0.8473611
1 -0.8714909 0.8726312 -0.8781753 0.8474252
5  -0.8708642 0.8705946 -0.8783427 0.8519701
10 -0.8703183 0.8713044 -0.8784810 0.8482916
100 -0.8650477 0.8645630 -0.86886334 0.8524863
800 -0.8584575 0.8584574 -0.8614907 0.8553786

1

08|

0.6 = = maximum
minimum

0.4t
02y

ot

Values

0.2

-0.4

-0.6

-0.8 |

A I I I I I I I
0 100 200 300 400 500 600 700 800
T

FIGURE 7. The maximum and minimum values over time, where
¢° =0, o = 0.001.

introduced to establish the associated energy estimate, since the energy has to be
redefined if the phase variable stays beyond the positivity requirement. In com-
parison, the proposed numerical scheme in this work preserves the positivity of the
logarithmic arguments, namely 1 — ¢ and 1 + ¢, at a theoretical level. As a result,
there is no need to post-processing for the phase variable, since the positivity-
preserving property has been theoretically guaranteed. This fact demonstrates a
clear advantage of the proposed numerical scheme over many classical numerical
methods.

Energy and mass evolutions for the aforementioned cases are depicted in Figure
8, where mobl = 0.9(1 — ¢)(1 + ¢) + 0.1 and mob2 = ¢ + 3. These curves
illustrate that the numerical algorithm is unconditionally energy stable and mass
conservative.
6. Conclusions. In this paper, we investigate a positivity-preserving, energy sta-
ble finite difference scheme for the variable mobility nonlocal CH system with a
logarithmic Flory-Huggins energy potential. To ensure the positivity-preserving
property, the convex splitting method is applied. This involves treating the nonlin-
ear logarithmic terms, the surface diffusion term, and the nonlocal term implicitly,



Energy

A POSITIVITY-PRESERVING SCHEME FOR THE NCH EQUATION 463

x10®

Mass Error
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FIGURE 8. Energy decay and mass conservation for five cases,
where the mobility is chosen as either mobl = 0.9(1—¢)(1+¢)+0.1
or mob2 = ¢/4 + 1/2, depending on the case.

combined with an explicit update of the expansive concave term and the mobil-

ity.

Such a numerical approach also guarantees an unconditional energy stability.

Furthermore, an optimal convergence rate analysis and error estimate have been
theoretically derived through higher-order consistency analysis, in conjunction with
rough and refined error estimates. Several numerical experiments are conducted
with the nonlocal term parameterized by ¢ to confirm the consistency between
NCH model and standard CH model, to investigate the phase separation phenom-
enon with different choices of initial condition and o, and to verify the optimal
convergence rates in both temporal and spatial discretizations.
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